Hyperglycemia is associated with increased susceptibility to atherothrombotic stimuli. The glycocalyx, a layer of proteoglycans covering the endothelium, is involved in the protective capacity of the vessel wall. We therefore evaluated whether hyperglycemia affects the glycocalyx, thereby increasing vascular vulnerability. The systemic glycocalyx volume was estimated by comparing the distribution volume of a glycocalyx permeable tracer (dextran 40) with that of a glycocalyx impermeable tracer (labeled erythrocytes) in 10 healthy male subjects. Measurements were performed in random order on five occasions: two control measurements, two measurements during normoinsulinemic hyperglycemia with or without N-acetylcysteine (NAC) infusion, and one during mannitol infusion. Glycocalyx measurements were reproducible (1.7 ؎ 0.2 vs. 1.7 ؎ 0.3 l). Hyperglycemia reduced glycocalyx volume (to 0.8 ؎ 0.2 l; P < 0.05), and NAC was able to prevent the reduction (1.4 ؎ 0.2 l). Mannitol infusion had no effect on glycocalyx volume (1.6 ؎ 0.1 l). Hyperglycemia resulted in endothelial dysfunction, increased plasma hyaluronan levels (from 70 ؎ 6 to 112 ؎ 16 ng/ml; P < 0.05) and coagulation activation (prothrombin activation fragment 1 ؉ 2: from 0.4 ؎ 0.1 to 1.1 ؎ 0.2 nmol/l; D-dimer: from 0.27 ؎ 0.1 to 0.55 ؎ 0.2 g/l; P < 0.05). Taken together, these data indicate a potential role for glycocalyx perturbation in mediating vascular dysfunction during hyperglycemia. Diabetes 55:480 -486, 2006 P atients with diabetes have increased vascular vulnerability to atherogenic insults, leading to accelerated atherogenesis. Although atherogenesis is in part due to the increased prevalence of traditional cardiovascular risk factors, these factors cannot fully explain the propensity toward vascular complications in diabetic patients (1). Hyperglycemia itself has been shown to induce a wide array of downstream effects that adversely affect the protective capacity of the vessel wall (2). Hyperglycemia has been associated with enhanced endothelial permeability, increased leukocyte-endothelium adhesion, and impaired nitric oxide (NO) bioavailability (3-5). Despite clear progress in understanding the underlying pathophysiological mechanisms contributing to this vascular dysfunction, it has proven difficult to unravel a final common pathway for the increased vascular vulnerability under hyperglycemic conditions (6).
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The glycocalyx covers the endothelium and consists of endothelial cell-derived proteoglycans, glycoproteins, and adsorbed plasma proteins. This layer has been shown to orchestrate vascular homeostasis (7) . Its thickness (up to 1 m) may explain its potent antiadhesive effects on leukocytes and platelets (8, 9) . Hyaluronan glycosaminoglycans, one of the major constituents of the glycocalyx, are crucial for maintaining endothelial barrier properties for plasma macromolecules (10) . The glycocalyx also serves as a mechanosensor of shear stress, mediating shear-induced release of NO by endothelial cells (11) (12) (13) . In fact, selective perturbation of the glycocalyx leads to increased vascular permeability, attenuated NO availability, and increased adhesion of leukocytes and platelets. Reconstitution of the glycocalyx results in the restoration of its barrier and antiadhesive properties (10, 14) . In view of the intricate relation between glycocalyx integrity and vascular homeostasis in experimental models, it has been postulated that glycocalyx derangement could contribute to increased vascular vulnerability in humans (15) . Because increased degradation of proteoglycans has previously been demonstrated in hyperglycemic conditions (16, 17) , the impact of hyperglycemia on the glycocalyx merits special interest. In the present study, we set out to evaluate the impact of hyperglycemia on the glycocalyx in healthy volunteers. We measured changes in the systemic glycocalyx volume before and 6 h after hyperglycemicnormoinsulinemic clamping. We simultaneously assessed changes in plasma hyaluronan, endothelial function, and coagulation parameters. To elucidate the role of reactive oxygen species, we repeated the hyperglycemic clamp in conjunction with the infusion of the antioxidant N-acetylcysteine (NAC).
interval of 2 weeks between measurements. Two baseline measurements were performed after saline infusion to estimate the intersession coefficient of variance (CV) of the glycocalyx volume estimates. Two measurements were performed after hyperglycemic clamping and mannitol infusion, respectively. To gain insight into the mechanistic properties, a fifth measurement was performed after a hyperglycemic-normoinsulinemic protocol with concomitant infusion of NAC in a random subgroup (n ϭ 6).
The protocol was approved by the internal review board and written informed consent was obtained from all volunteers before the investigation. The study was carried out in accordance with the principles of the Declaration of Helsinki. Estimation of glycocalyx volume. The endothelial glycocalyx limits access to plasma macromolecules and erythrocytes (18, 19) . Hence the glycocalyx volume can be estimated by comparing the circulating blood volume using a glycocalyx impermeable tracer such as labeled erythrocytes (18, 20) with the total intravascular volume using a glycocalyx permeable tracer such as neutral dextran 40 (40 kDa). For the study, centrifuged erythrocytes were mixed with sodium fluorescein (250 mg/ml) for 5 min. After being washed, the labeled erythrocytes were resuspended in saline to the initial volume and reinfused. Blood was subsequently drawn at 4, 5, 6, and 7 min after infusion. The fraction of labeled erythrocytes versus the total erythrocyte pool was used to estimate circulating erythrocyte volume. Unlabeled erythrocytes obtained before the injection (t ϭ Ϫ1 min) served as negative controls. Labeled erythrocytes were measured using a FACScan analyzer (FACSCalibur; Becton Dickinson, Mountain View, CA), with at least 100,000 cells being counted to measure the circulating fraction of labeled erythrocytes. Data were analyzed using Cellquest (Becton Dickinson, San Jose, CA). The circulating plasma volume was calculated as [(1 Ϫ Hsys) ϫ Vrbc]/Hsys, where Vrbc is the circulating erythrocyte volume and Hsys is the large vessel hematocrit (20) .
Dextran 40 is used as a probe for intravascular glycocalyx volume (19) . Before dextran 40 was injected, a single bolus of 10 ml dextran 1 (Promiten; NPBI, Emmercompascuum, the Netherlands) was injected to attenuate the risk for anaphylactic reactions. At least 1 h later, 100 ml dextran 40 (Rheomacrodex; NPBI) was injected intravenously, after which repeated blood sampling at 5, 7, 10, 15, 20, and 30 min was performed. The dextran 40 concentration was calculated by measuring the increase in glucose concentration in the postinfusion samples after hydrolyzation of dextran glucose polymers (21) . The glucose concentration per time point was assessed in duplicate using the hexokinase method (Gluco-quant and Hitachi 917; Hitachi). The procedure was calibrated with dextran 40 added to plasma in vitro. To determine the initial intravascular distribution volume of dextran 40, the concentration of dextran 40 at the time of injection was estimated by exponential fitting of the measured dextran 40 concentrations. Hyperglycemic-normoinsulinemic clamp. A hyperglycemic clamp was applied for 6 h with a target glucose concentration of 16 mmol/l (300 mg/dl) (22) . To prevent hypokalemia, 10 mmol/l KCl was added to the glucose solution. Octreotide (Sandostatin; Novartis, Basel, Switzerland) was dissolved in saline and albumin and administered at a final concentration of 30 ng ⅐ kg Ϫ1 ⅐ min
Ϫ1
to attenuate the increase in endogenous insulin production and minimize potential confounding effects of hyperinsulinemia (23) . At this dosage, octreotide has no significant vasoactive or hemostatic side effects (22, 24) . During the clamping protocol, the blood glucose concentration was measured by the glucose oxidase method (YSI 2300 STAT; YSI, Yellow Springs, OH). The target value of glucose was maintained by adjusting the infusion rate of 20% glucose (Baxter). As a time and osmolality control, the octreotide protocol was repeated on a separate study day, during which glucose 20% was replaced with an equimolar 20% mannitol (Baxter) infusion. Venous samples were obtained throughout the protocol to document the achieved level of osmolality. Osmolality was determined by measuring the freezing point depression on the Osmo Station (Menarini Benelux). All samples for glucose, insulin, and osmolality were performed in duplicate. The glutathione donor NAC (clinically graded and manufactured by the Department of Pharmacy at the Academic Medical Center, Amsterdam, the Netherlands) was administered as a bolus of 100 mg/kg in 15 min before the start of the glucose infusion and thereafter as a continuous infusion of 60 mg/kg throughout the identical hyperglycemia study protocol. The rate of infusion and total amount of infused NAC in our experiment was similar to that used for the treatment of acetominophen intoxication (25) . Flow-mediated dilation. Flow-mediated dilation (FMD) was assessed before each glycocalyx volume measurement (26) . With the subjects in the supine position, a blood pressure cuff was placed just below the elbow of the right arm. The brachial artery in the right antecubital fossa was visualized using a 7.5-MHz transducer. A wall tracking system was used to measure lumen diameter. After two baseline vessel diameter measurements were obtained, reactive hyperemia was induced by inflating the lower-arm blood pressure cuff to 200 mmHg. Upon release of the cuff after 4 min, ultrasonography continued for 5 min to allow for lumen diameter measurements at 30-s intervals. Images were stored digitally and analyzed off-line using the Wall Track System software analysis package. All measurements were performed by the same person, who was unaware of clinical details and the stage of the experiment. At our institution, intra-and intersession CVs for baseline diameter assessment using the Wall Track System are 1.1 and 3.8%, respectively. Intersession variability of the FMD measurement is 13.9% (26) . Blood sampling and laboratory methods. Blood samples were drawn from the subjects after a 12-h overnight fast and 2, 4, 6, and 30 h after the start of the infusion. Aliquots were centrifuged within 1 h after being collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Hematocrit was measured after centrifugation of heparinized blood in a Hettich-Hematokrit centrifuge (Hettich, Tuttlingen, Germany) at 10,000 rpm for 5 min. Total cholesterol, HDL cholesterol, and triglycerides were measured by standard enzymatic methods (Roche Diagnostics, Basel, Switzerland). LDL cholesterol was calculated using the Friedewald formula. Alanine and aspartate aminotransferase were measured by a pyridoxalphosphate activation assay (Roche Diagnostics). HbA 1c was measured by high-performance liquid chromatography (Reagens; Bio-Rad, Veenendaal, the Netherlands) on Variant II (Bio-Rad). Quantitative plasma hyaluronan levels were measured in duplicate by enzyme-linked immunosorbent assay (Echelon Biosciences, Salt Lake City, UT). As a measure of thrombin generation, the prothrombin activation fragment F1 ϩ 2 (Dade Behring, Marburg, Germany) was assessed by enzyme-linked immunosorbent assay. D-Dimer levels were used as a reflection of endogenous fibrinolysis in the presence of coagulation activation and were measured with an automated quantitative latex particle immunoassay (Biomerieux, Durham, NC). Plasma insulin was measured by an immunoluminimetric assay (Immulite insuline) on Immulite 2000 (Diagnostic Product). Statistical analysis. All data except Table 1 are presented as means Ϯ SE.
Differences between treatment groups were tested by ANOVA for repeated measures. Comparisons within groups were done with Wilcoxon's signed-rank test. P Ͻ 0.05 was considered significant.
RESULTS
Reproducibility of glycocalyx measurement. Baseline characteristics of volunteers are listed in Table 1 . Throughout all infusion protocols, blood pressure and heart rate remained unaffected (data not shown). Infusion of the dextran 40 solution had no significant effect on hematocrit values. Circulating plasma (3.0 Ϯ 0.1 vs. 3.0 Ϯ 0.1 l; NS) and systemic dextran 40 distribution (4.7 Ϯ 0.2 vs. 4.7 Ϯ 0.3 l; NS) volumes were similar during the two baseline study visits. Accordingly, glycocalyx volumes were reproducible between visits (1.7 Ϯ 0.2 vs. 1.7 Ϯ 0.3 l; NS; intersession CV 15.2 Ϯ 9.8%) ( Fig. 1A and B) . Glycocalyx volume after 6-h infusion of glucose, NAC with glucose, or mannitol. During hyperglycemic clamping, the glucose concentration was raised to target levels within 15 min and remained stable throughout the hyper- glycemic period (ϳ16 mmol/l). Glucose levels during mannitol infusion were unchanged (4.8 Ϯ 0.1 vs. 5.3 Ϯ 0.1 mmol/l; NS). Despite coinfusion of octreotide, plasma insulin levels rose during hyperglycemia but remained within the physiological range (from 35 Ϯ 5 to 116 Ϯ 10 pmol/l; P Ͻ 0.001). Mannitol infusion with octreotide was associated with a decrease in insulin levels (from 42 Ϯ 5 to 15 Ϯ 1 pmol/l; P Ͻ 0.01). The plasma osmolality levels during hyperglycemia and mannitol were comparable (284 Ϯ 2 vs. 288 Ϯ 2 mmol/kg; NS). Glycocalyx volumes were profoundly decreased during hyperglycemia versus with mannitol (0.8 Ϯ 0.2 vs. 1.6 Ϯ 0.1 l; P Ͻ 0.05) (Fig. 1B) , predominantly due to a reduction in the dextran 40 distribution volume Mannitol infusion had no effect on FMD (7.1 Ϯ 1.0 vs. 8.2 Ϯ 0.5%; mannitol vs. baseline, NS) (Fig. 2) . There was no difference in nitroglycerine response after hyperglycemia compared with after mannitol infusion (data not shown). Of note, due to the small sample size, we did not determine FMD in the NAC hyperglycemia protocol. Laboratory parameters. Plasma hyaluronan levels rose significantly during hyperglycemia (112 Ϯ 16 vs. 70 Ϯ 6 ng/ml; hyperglycemia vs. baseline, P Ͻ 0.05) and returned toward baseline values within 24 h (81 Ϯ 6 ng/ml) (Fig. 3) . Activation of the coagulation (as indicated by an increase in F1 ϩ 2 levels from 0.4 Ϯ 0.1 to 1.1 Ϯ 0.2 nmol/l; P Ͻ 0.05) and fibrinolytic (increase in D-dimer levels from 0.27 Ϯ 0.1 to 0.55 Ϯ 0.2 g/l; P Ͻ 0.05) systems occurred during hyperglycemia (Fig. 4A and B) . No effect of mannitol was seen on these parameters. Hyperglycemia with concomitant NAC infusion resulted in blunting of plasma hyaluronan shedding (69 Ϯ 8 ng/ml; P Ͻ 0.05) (Fig. 3) and coagulation activation (F1 ϩ 2: 0.8 Ϯ 0.15 nmol/l; D-dimer: 0.44 Ϯ 0.07 g/l; NS) compared with hyperglycemia ( Fig. 4A  and B) .
DISCUSSION
In the present study, we showed that the glycocalyx constitutes a large intravascular compartment in healthy volunteers that can be estimated in a reproducible fashion in vivo. More importantly, we showed that hyperglycemic clamping elicits a profound reduction in glycocalyx volume that coincides with increased circulating plasma levels of glycocalyx constituents like hyaluronan, an observation that is consistent with the release of glycocalyx constituents into the circulation. These disturbances are accompanied by impaired FMD as well as activation of the coagulation system. Infusion of the antioxidant NAC prevented this glycocalyx perturbation, indicating that the generation of reactive oxygen species contributes to the glycocalyx perturbation under hyperglycemic conditions. Hyperglycemia and glycocalyx volume. Previously we validated glycocalyx measurements in isolated vessels by comparing erythrocyte and dextran 40 distribution volumes as markers of glycocalyx impermeable and permeable tracers, respectively (18, 19) . Consistent with these experimental data, we now find comparable values for glycocalyx volume in healthy volunteers with good reproducibility of between-session measurements (CV Ͻ20%). The size of the glycocalyx volume in the present study was in line with predictions of glycocalyx dimension in vivo, based on a thickness of 0.5-3.0 m combined with a total endothelial surface area of 1,000 -7,000 m 2 (27, 28) . After 6 h of hyperglycemic clamping, the systemic glycocalyx volume was reduced to ϳ50% of the baseline value. This reduction coincided with a rapid increase in circulating plasma levels of hyaluronan, an important constituent of the glycocalyx. Similarly, hyperglycemia has been associated with increased hyaluronidase activity and concomitant increased plasma hyaluronan concentrations in animal models (17, 29) . Hyaluronan has been shown to be a principal determinant of vascular permeability because selective removal of hyaluronan from the vessel wall is accompanied by a profound increase in macromolecular glycocalyx permeation (10) . We showed in vivo that the loss of glycocalyx volume and the shedding of hyaluronan into plasma is indeed accompanied by a significant increase in the rate of dextran 40 clearance from circulation (Fig. 1A) . This correlation between glycocalyx volume reduction and increased permeability suggests a potential contribution of the glycocalyx, particularly hyaluronan, to the preservation of the systemic vascular permeability barrier. Increased formation of reactive oxygen species and glycocalyx. Several mechanisms may contribute to the loss of glycocalyx volume during acute hyperglycemia. First, hyperglycemia per se is a potent pro-oxidant and proinflammatory stimulus that has been linked to enhanced degradation of the glycocalyx as well as to shedding of hyaluronan (30) . Therefore, glycocalyx loss may be secondary to a direct effect of oxygen radicals on the synthesis of glycosaminoglycans. Indeed, in our study, infusion of the potent antioxidant NAC abolished the reduction in glycocalyx during hyperglycemia. On the other hand, increased shedding of glycosaminoglycans may follow vascular injury, resulting in an upregulation of glycosaminoglycan synthesis to compensate for stimulated increased degradation (6, 31) . Endothelial function. In conjunction with glycocalyx loss we observed a loss of FMD after hyperglycemic clamping. In line with this observation, several research groups have reported endothelial dysfunction under hyperglycemic conditions (22, 32) . Although impaired NO bioavailability has been attributed predominantly to direct inactivation of NO by increased radical production (33, 34) , the present finding provides us with an alternative explanation. It has been demonstrated that the endothelial glycocalyx plays an important mechanosensory role by translating intravascular shear stress into biochemical activation of endothelial cells (12) . Accordingly, the release of NO in response to shear stress is abolished after enzymatic removal of glycosaminoglycans from the endothelial glycocalyx (15) . Coagulation activation. Hyperglycemia elicited coagulation and fibrinolysis, as reflected by the increased thrombin generation (F1 ϩ 2) as well as increased fibrinolysis (D-dimer). Our data are in line with those from studies showing that induction of acute hyperglycemia in healthy volunteers increases plasma levels of coagulation factor VIIa and stimulates tissue factor-dependent activation of coagulation (35) . The endothelial glycocalyx is a crucial compartment for binding and regulating enzymes involved in the coagulation cascade. In addition, the most important inhibitor of thrombin and factor Xa (i.e., antithrombin) is firmly attached to the endothelium (36) . In support of this, we and others have previously demonstrated that glycocalyx perturbation has direct effects on coagulation and fibrinolytic responses (9, 37) . It is therefore not surprising that hyperglycemia-induced loss of glycocalyx is accompanied by activation of coagulation. The subsequent increase in endogenous fibrinolysis can thus be explained by counterbalancing the increased thrombin generation during hyperglycemia. Study limitations. The accuracy of glycocalyx volume estimates in our study was determined by the accuracy of dextran 40 distribution volume estimates. Because of its relatively small size and neutral charge, dextran 40 is cleared from the circulation slowly. Extrapolation of measured plasma concentrations of dextran 40 to the time of its initial intravascular injection is used to estimate intravascular dextran 40 concentration before leakage. As can be appreciated from the average clearance curves in Fig.  1A , the error of the estimated initial dextran 40 concentration was relatively small and therefore had no major impact on the estimates of glycocalyx volume. Second, the stable circulating blood volumes during hyperglycemic clamping cannot exclude changes of microcirculatory volume. Because of anatomical dimensions, the largest part of the erythrocyte volume is located in the macrovasculature, whereas the measured dextran 40 volume was mainly situated in the microvasculature. In fact, we re- cently reported that hyperglycemia reduces perfused murine capillary density by up to 38% (38) . Hence, in addition to glycocalyx shedding, impaired microcirculatory perfusion may also have contributed to the reduction of systemic glycocalyx. Finally, during hyperglycemic clamping, an increase in insulin levels was observed despite the concomitant infusion of octreotide. Higher octreotide administration was not feasible due to gastrointestinal side effects (23) . Under these circumstances, plasma insulin increases are inextricably entangled with hyperglycemic clamping in humans (22) . Although the insulin levels were within the physiological range, we cannot exclude a potential confounding effect of insulin.
Clinical implications.
Experimental studies have shown that the glycocalyx is a crucial intravascular compartment that mediates transduction of shear stress-induced NO release, modulates vascular permeability, and harbors a wide array of anticoagulant proteins. In a time course comparable with the loss of glycocalyx volume, we found loss of shear stress-induced NO release, increased vascular permeability, and activation of coagulation during hyperglycemic clamping in healthy volunteers. Our observation concerning the prevention of glycocalyx damage by antioxidant infusion confirms other research on the role of oxidative stress in hyperglycemia-induced vascular damage (6, 39) . Therefore, glycocalyx measurement may hold promise as a tool for estimating cardiovascular risk and the impact of cardiovascular risk-lowering therapies in diabetic patients.
